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METHOD FOR CALIBRATING 
ACCELEROMETER SENSITIVITY 

TECHNICAL FIELD 

[0001] The present invention relates to methods of cali 
brating the sensitivity of capacitive accelerometers, particu 
larly micromachined differential-capacitor accelerometers. 

BACKGROUND 

[0002] Micromachined structures are frequently used as 
sensors or actuators and micromachined accelerometers, in 
particular, are Widely used to detect and measure accelera 
tion, tilt, or vibration for many applications. Among micro 
machined accelerometers, the differential capacitor type is 
typically used. 

[0003] A differential-capacitor based accelerometer typi 
cally includes a micromachined sensor and its excitation and 
readout electronics. The micromachined sensor typically 
includes several primary micromachined elements; a mov 
able mass, support springs, and capacitor plates for sensing 
the displacement of the movable mass. Often, additional 
actuator plates are provided to implement a self-test func 
tion. FIG. 1 shoWs an exemplary prior art differential 
capacitor acceleration sensor 300. The movable mass 302, 
supported by springs 314, 316, 318, 320, is positioned 
midWay betWeen tWo plates so that one capacitor is formed 
by a ?rst plate and the mass and a second (and equal) 
capacitor is formed by a second plate and the mass. Together 
these form the differential capacitor for sensing the displace 
ment of the movable mass. To maximiZe the accelerometer 
capacitance, the mass may contain numerous ?ngers 350 
that are interleaved betWeen ?ngers from the tWo plates 348, 
352. Likewise is the construction of the actuator plates 360, 
362. These plates are used to generate electrostatic forces via 
a voltage applied, for example, betWeen the ?ngers of the 
actuator plate 360 and the ?ngers 358 of the mass 302. The 
electrostatic force de?ects the mass 302 and produces an 
output response that can be used for self-testing or other test 
purposes, e.g., measuring the resonant frequency of the 
movable spring-mass system. 

[0004] The sensitivity of a micromachined accelerometer 
is determined by a variety of factors, including spring 
constant, mass of certain elements (e.g., proof mass), sense 
and parasitic capacitances, and electronic gain. As a result of 
the small dimensions involved, (on the order of microme 
ters), the sensitivity of a micromachined accelerometer may 
vary signi?cantly due to manufacturing variations Which 
alter dimensions of micromachined structures Within the 
accelerometer. Among these, spring constant and sense 
capacitance see the most variations. Accordingly, some 
post-manufacturing calibration is typically required. Effec 
tive calibration requires an accurate determination of sensi 
tivity folloWed by, if necessary, electronic gain adjustments 
in the form of EPROM programming, laser trimming, or 
electrical fusing of circuit elements, to bring sensitivity to 
target. 

[0005] Commonly, the sensitivity of these accelerometers 
is measured With a device that shakes the accelerometer 
either at the Wafer or the packaged device stage of manu 
facturing. Alternatively, the orientation of the accelerometer 
can be changed precisely With respect to the gravitational 
?eld, for example, With a rotator and the output response can 
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then be calibrated to gravity. Testing involving precise 
mechanical excitations is very costly, especially if it is 
required to be performed over temperature. It is the main 
obstacle barring micromachined accelerometers from real 
iZing the loW cost of standard IC testing. A method of 
accurately measuring the sensitivity of these accelerometers 
Without requiring equipment for mechanical manipulation of 
these devices (e.g., shaking) could signi?cantly reduce 
manufacturing costs. 

SUMMARY OF THE INVENTION 

[0006] In an embodiment of the present invention, a 
method is provided for calibrating the sensitivity of a 
micromachined differential-capacitor accelerometer over 
temperature. The accelerometer provided includes a sub 
strate and a movable mass suspended over the substrate by 
a supporting spring. The movable mass includes a movable 
electrode. First and second ?xed electrodes are suspended 
over the substrate and not movable relative to the substrate. 
The movable electrode and the ?rst and second ?xed elec 
trode form a differential capacitor. An excitation and signal 
conditioning circuitry is provided to generate an ampli?ed 
signal proportional to the displacement of the movable mass. 
An actuator is provided that displaces the mass by electro 
static means When activated. A dimensional relationship is 
established betWeen the actuator electrode gap and the 
spring Width so that operational characteristics of the actua 
tor and spring are coupled. The method includes measuring 
the resonant frequency of the movable spring-mass system, 
displacing the mass With the actuator, measuring the change 
in the ampli?ed signal and calculating the sensitivity of the 
accelerometer. In speci?c embodiments of the invention, 
calculating the sensitivity of the accelerometer includes 
calculating an acceleration equivalent to displacing the 
movable mass With the actuator. In certain embodiments of 
the invention, the electronic gain is then adjusted by 
EPROM programming, laser trimming, electrical fusing of 
circuit elements or similar methods to bring sensitivity to a 
target value. 

[0007] In another embodiment of the invention, a self 
calibrating accelerometer is provided that includes logic and 
electronics to perform the method of the preceding embodi 
ment of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] The foregoing features of the invention Will be 
more readily understood by reference to the folloWing 
detailed description, taken With reference to the accompa 
nying draWings, in Which: 

[0009] 
and 

[0010] FIG. 2 is a How diagram for a method of calibrat 
ing an accelerometer according to an embodiment of the 
present invention. 

FIG. 1 is a diagram of a prior art accelerometer; 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

[0011] In certain embodiments of the invention, the sen 
sitivity of a micromachined differential-capacitor acceler 
ometer can be determined Without external mechanical 
excitation (e.g., shaking). To that end, the resonant fre 
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quency of the accelerometer’s movable spring-mass system 
is measured. The change in output voltage of the acceler 
ometer as the movable mass is displaced by an electrostatic 
force is also measured. The sensitivity of the device is then 
calculated. In these embodiments, sensitivity is determined 
Without external mechanical excitation by exploiting dimen 
sional relationships betWeen components of the device. 
These relationships may be provided by dimensional control 
structures fabricated in the accelerometer or by uniform 
spacing of components. US. Pat. Nos. 5,880,369 and 6,282, 
960, Which are incorporated herein by reference in their 
entirety, disclose methods of including such dimensional 
control structures in accelerometers. 

[0012] An open-loop accelerometer typically comprises a 
spring-mass system, Which moves in response to an input 
acceleration, and a displacement sensor that converts the 
motion of the movable mass into an electrical output. A 
typical accelerometer also includes actuator ?ngers, Which 
generate an electrostatic force to displace the movable mass 
upon an external electrical input. Such actuators are typi 
cally employed to provide a self-test feature for the accel 
erometer. 

[0013] FIG. 1 illustrates a prior art micromachined sensor 
300, Which may be used in embodiments of the present 
invention. A movable mass 302 is a polysilicon structure 
suspended above a bootstrap diffusion layer (not shoWn) 
disposed Within an underlying substrate 301. Mass 302 is 
approximately 467 micrometers long and 57 micrometers 
Wide. (The dimensions provided herein are merely exem 
plary and in no Way limiting.) The bootstrap diffusion layer 
is formed from an n+ doped emitter diffusion region in the 
substrate. Mass 302 is approximately parallel to the surface 
of substrate 301. 

[0014] Mass 302 is connected to anchors 304 and 306 
through folded springs 314, 316 and 318, 320, respectively. 
Springs 314-320 are formed from polysilicon. Anchors 304, 
306 are “T” shaped With a vertical portion 322 having an 
approximate length and Width of 28.7 and 9.7 micrometers, 
respectively, and a horiZontal crossing portion 324 having an 
approximate length and Width of 21.7 and 4.7 micrometers, 
respectively. Anchors 304 and 306 are mounted on the 
substrate outside the bootstrap diffusion layer through small 
rectangular regions at the bottom of the “T”. (The rest of the 
T is suspended above substrate 301.) 

[0015] Springs 314-320 consist of legs 308, 310 and 312, 
all of Which are approximately 2.2 micrometers Wide. Long 
legs 308 and 310 are parallel to each other, connected at one 
(i.e., “external”) end by short leg 312. The other (i.e., 
“internal) ends of long legs 308 and 310 are connected to an 
anchor (e.g., 304 or 306) and mass 302, respectively. Long 
legs 308 and 310 are ?exible, alloWing mass 302 to move 
along the X-axis (passing through anchors 304 and 306) in 
response to a force along the X-axis, as the internal ends of 
long segments 308 and 310 move closer together or further 
apart. Long segments 308 and 310 are approximately 116.7 
and 98.2 micrometers long, respectively, and are separated 
by a gap of approximately 1.3 micrometers. Alternatively, 
other shapes can be used for the springs. 

[0016] Disposed to the left and right of each spring 
314-320 is a ?rst dimensional-control structure (i.e., a 
dimensional-control ?nger) as shoWn in FIG. 1. Speci? 
cally, internal dimensional-control ?ngers 332, 336 (coupled 
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to mass 302) are disposed to the left of springs 314 and 316, 
respectively. Further, a set of second dimensional-control 
?ngers 334, 338 (coupled to anchor 304) are disposed to the 
right of springs 314 and 316, respectively. This same rela 
tionship exists for springs 318 and 320, Where external 
dimensional-control ?ngers disposed to the left (i.e., 342 and 
346, respectively) are coupled to anchor 306 While internal 
dimensional-control ?ngers disposed to the right (i.e., 340 
and 344, respectively) are coupled to mass 302. 

[0017] The distance betWeen each dimensional-control 
?nger and associated spring is approximately 1.3 microme 
ters and the Width of each dimensional-control ?nger is 
approximately 3.7 micrometers. The length of ?ngers 332, 
336, 340 and 344 is approximately 94.5 micrometers, and 
the length of ?ngers 334, 338, 342 and 346 is approximately 
118 micrometers. 

[0018] Extending from the sides of mass 302 along the 
Y-axis are parallel polysilicon sense ?ngers 350. In sensor 
300, sense ?ngers 350 are substantially similar (i.e., sub 
stantially the same shape and dimension); each being 
approximately 3.4 micrometers Wide and approximately 109 
micrometers long. As shoWn in FIG. 1, there are 21 sense 
?ngers on each side of mass 302. 

[0019] To the left and right (along the X-axis) of each 
sense ?nger 350, and not connected to mass 302, is a left 
?xed ?nger 348 and a right ?xed ?nger 352, respectively. 
These ?xed ?ngers are formed from polysilicon and 
anchored to substrate 301. Preferably, the inner set of ?xed 
?ngers and outer set of ?xed ?ngers on each side of mass 
302 are approximately 124 and 144 micrometers long, 
respectively. Each ?nger 348, 352 is approximately 3.4 
micrometers Wide and each is separated from an adjoining 
sense ?nger 350 by a gap of approximately 1.3 micrometers. 
Adjoining left and right ?xed ?ngers 348 and 352 are also 
spaced approximately 1.3 micrometers apart, although this 
dimension is not as critical as the dimensions on either side 
of ?nger 350. Rather than being limited by dimensional 
control, the distance betWeen ?ngers 348 and 352 is con 
trolled by an electrical parameter; i.e., this distance must not 
be so large as to affect the electric ?eld lines on the inside 
of gaps betWeen ?ngers 350-348 and 350-352. 

[0020] All of the left ?xed ?ngers 348 on each side of 
mass 302 are connected together through a heavily n+ doped 
polysilicon region, as are all of the right ?xed ?ngers 352 
(regions not shoWn). Electrical connection to the inner set of 
?xed ?ngers on each side of mass 302 is made With 
polysilicon microbridges 326 and 328. Similarly, electrical 
connection to the outer set of ?xed ?ngers on each side of 
mass 302 is made With polysilicon microbridges 329 and 
330. 

[0021] Referring to FIG. 1, sense ?ngers 350 (Which form 
a single electrical node With movable mass 302) collectively 
form the center electrode of a differential sense capacitor. 
Left ?xed ?ngers 348 form the left electrode and right ?xed 
?ngers 352 form the right electrode of the differential 
capacitor. Preferably, the left capacitor and the right capaci 
tor have the same capacitance. Each set of one sense ?nger 
350 and its adjoining left ?xed ?nger 348 and right ?xed 
?nger 352 forms one “cell” of the differential capacitor, With 
all of the cells substantially similar and connected in paral 
lel. 

[0022] When mass 302 moves to the right relative to ?xed 
?ngers 348 and 352 (in response to force applied along the 
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X-axis), the distance between each sense ?nger 350 and the 
right ?xed ?nger 352 of the same cell decreases, Which 
increases the capacitance of the right capacitor. At the same 
time, the distance betWeen each sense ?nger 350 and the left 
?xed ?nger 348 of the same cell increases, decreasing the 
capacitance of the left capacitor. 

[0023] Mass 302 is connected to resolving circuitry 
through a heavily n+ doped region of polysilicon, Which 
extends from anchor 304. An example of resolving circuitry 
and a discussion of acceleration sensor operation is provided 
in US. Pat. No. 5,345,824, Which is incorporated herein by 
reference. 

[0024] To the left of the leftmost left ?xed ?nger 348 on 
each side of mass 302 is a right dummy ?nger 354. Simi 
larly, to the right of the rightmost right ?xed ?nger 352 on 
each side of mass 302 is a left dummy ?nger 356. These 
dummy ?ngers are connected to their corresponding ?xed 
?ngers (i.e., right dummy ?ngers 354 are connected to right 
?xed ?ngers 352 and left dummy ?ngers 356 are connected 
to left ?xed ?ngers 348). This ensures that end cells of the 
differential capacitor behave the same as the middle cells. 
More speci?cally, dummy ?ngers 354 and 356 are installed 
to ensure that the electric ?eld present at the leftmost left 
?xed ?ngers 348 and rightmost right ?xed ?ngers 352, 
respectively, are the same as the electric ?elds found at the 
“middle” left and right ?xed ?ngers 348, 352 (e.g., betWeen 
microbridges 326 or 328 and 330). 

[0025] The distances betWeen (1) right dummy ?ngers 354 
and leftmost left ?xed ?nger 348, and (2) left dummy ?ngers 
356 and rightmost right ?xed ?nger 352 are subject to the 
same limitation. Speci?cally, these distances must not be so 
large as to affect the electric ?eld lines on the inside of gaps 
betWeen ?ngers 350-348 and 350-352. 

[0026] At both ends of mass 302 are 6 polysilicon self-test 
?ngers 358 (i.e., a total of 12). These ?ngers are approxi 
mately 3.7 micrometers Wide and 109 micrometers long. 
Self-test ?ngers 358 are part of the same electrical node as 
sense ?ngers 350 and the body of mass 302. To the sides of 
each self-test ?nger 358, and not connected to mass 302, are 
a left and a right polysilicon actuator ?nger 360 and 362, 
respectively. When no force is applied to mass 302, self-test 
?ngers 358 are midWay betWeen actuator ?ngers 360 and 
362, resulting in a distance betWeen ?ngers 358 and adjoin 
ing actuator ?ngers 360, 362 of approximately 1.3 microme 
ters. 

[0027] The inner sets of actuator ?ngers 360, 362 are 
approximately 124 micrometers long. Additionally, the outer 
sets of actuator ?ngers 360, 362 are approximately 144 
micrometers long. Both ?ngers are approximately 3.7 
micrometers Wide and anchored to substrate 301. Actuator 
?ngers 360 are coupled to each other via heavily doped 
n+polysilicon regions (not shoWn) and electrically coupled 
via polysilicon microbridges 360‘ and 360“. Similarly, actua 
tor ?ngers 362 are coupled to each other via heavily doped 
n+ polysilicon regions (not shoWn) and electrically coupled 
via polysilicon microbridges 362‘ and 362“. 

[0028] The actuator ?ngers 360, 362 are used to generate 
electrostatic forces to self-test ?ngers 358 to de?ect movable 
mass 302 for self-testing or other test purposes, e.g., mea 
suring the resonant frequency of the movable spring-mass 
system. More speci?cally, a static voltage may be applied 
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betWeen actuator ?ngers 360 and self-test ?ngers 358, the 
electrostatic attractive force thus generated de?ects the mass 
302 toWard actuator ?ngers 360. Similarly, a static voltage 
applied betWeen actuator ?ngers 362 and self-test ?ngers 
358 de?ects the mass 302 toWard actuator ?ngers 362. In 
either case, a static output response is produced by the 
readout electronics as if mass 302 is de?ected by an input 
acceleration. The sign and magnitude of the output response 
may serve as an indication that the sensor is operating 
properly. Alternatively, an alternating voltage, e.g., of square 
or sinusoidal Waveform, may be applied to the actuator 
?ngers, eg 360, and the frequency of the alternating voltage 
may be sWept in the neighborhood of the spring-mass 
resonant frequency. The movable mass de?ection and there 
fore the output response Will peak at the resonant frequency. 
Detecting this peak response thus provides a method by 
Which the resonant frequency of the spring-mass system can 
be accurately determined. 

[0029] Capacitor ?ngers 348-362 and springs 314-320 are 
“operating” structures; i.e., they provide an operating func 
tion (e.g., electrical or mechanical) and may also provide 
dimensional control through consistent spacing. In contrast, 
?ngers 332-346 are dimensional control structures; i.e., their 
sole purpose is to provide dimensional control through the 
creation of consistent spacing at select locations Within the 
device (e.g., next to electrical operating structures, mechani 
cal operating structures, etc.). Sensor 300 is constructed so 
that certain critical spacing dimensions are uniformly main 
tained at a prede?ned distance; i.e., spacing betWeen actua 
tor and self-test ?ngers (i.e., betWeen ?ngers 358-360 and 
358-362) and spacing betWeen and bordering spring legs 
308 and 310. This is achieved by ensuring existing operating 
structures (e.g., ?ngers 358-362 and spring legs 308, 310) 
are con?gured to maintain uniform distances betWeen each 
other (such as by reducing the distance betWeen legs 308 and 
310 to approximately the same distance as betWeen ?ngers 
358-360 and 358-362) and by adding certain dimensional 
control structures (e.g., ?ngers 332-346), Which establish 
these same uniform distances at select locations Within the 
sensor. 

[0030] The dimensional-control structures in sensor 300 
create a spacing environment (i.e., spacing bordering legs 
308, 310) With structures (i.e., internal and external ?ngers 
332-346) that differ from other conventional structures. 
These structures establish a dimensional relationship (i.e., 
uniform spacing) betWeen functionally and physically dif 
ferent micromachined structures (i.e., ?ngers and springs). 
As noted above, the uniform spacing betWeen actuator and 
self-test ?ngers 358-362 and the uniform spacing betWeen 
folded spring legs 308, 310 are both approximately 1.3 
micrometers. This uniform spacing dimension, Which rep 
resents a prede?ned distance selected by a designer, is 
created from a mask spacing of about 1.0 micrometers. 

[0031] Referring to FIG. 1, every self-test ?nger 358 is 
longitudinally bordered by left actuator ?nger 360 and right 
actuator ?nger 362. Accordingly, each self-test ?nger 358 is 
longitudinally bordered by a uniform space or gap of 
approximately 1.3 micrometers. Additionally, all spring legs 
308 and 310 are disposed next to each other maintaining the 
same uniform distance of approximately 1.3 micrometers. 
These legs are longitudinally bordered by an internal dimen 
sional-control ?nger (i.e., 332, 336, 340 or 344) and external 
dimensional-control ?nger (i.e., 334, 338, 342 or 346). 
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Accordingly, each spring leg 308 or 310 is longitudinally 
bordered by a uniform space or gap of approximately 1.3 
micrometers. 

[0032] The spacing uniformity maintained in sensor 300 
represents a bene?cial dimensional relationship betWeen 
structures disposed Within this device. This relationship 
facilitates correlation of dimensional variation betWeen 
functionally and/or physically different micromachined 
structures. Physically different structures are those having 
different dimensions and/or shapes (e.g., ?ngers 358 and 
springs 314-320). Similarly, this relationship facilitates cor 
relation of dimensional variation betWeen functionally and/ 
or physically similar micromachined structures. Physically 
similar structures are those having substantially similar 
dimensions and shape (e.g., a plurality of ?ngers 358). By 
maintaining uniform spacing betWeen and among actuator 
and self-test ?ngers and, for example, uniform spacing 
betWeen folded spring legs, manufacturing processes 
applied to both structures (e. g., etching or photolithography) 
and variations in such processes (e.g., over etching) affect 
the physical dimensions of these structures (e.g., spring 
Width and ?nger Width) in a highly correlated manner. 

[0033] The dimensional-control features illustrated by the 
micromachined sensor 300 in FIG. 1 represent only one 
example of an applicable con?guration. These features may 
also be con?gured in more complex shapes, such as in a 
series of folds like springs (see FIG. 4 in US. Pat. Nos. 
5,880,369 and 6,282,960). The movable mass in this case is 
not constrained to move in one direction and the sensor may 
be con?gured as an accelerometer capable of sensing accel 
eration in multiple axes. 

[0034] In an embodiment of the invention, an electrostatic 
force is generated on the movable mass by the actuator 
?ngers upon an external electrical command. An expression 
for this force, FE, is 

where so is the permittivity of the gas surrounding the 
movable mass and the actuator ?ngers, KF is the capacitance 
fringing factor, h is the actuator ?nger thickness, L is the 
total actuator ?nger length, d is the actuator ?nger gap, and 
V A is the applied actuation voltage across the gap. 

[0035] This force is equivalent to that produced by an 
external acceleration, aE, on the movable mass, m, given by 

F5 (2) 
a5 = — 

5 

[0036] The mass can be further expressed as 

m=phA (3) 

Where p is the density, h is the thickness, and A is the area 
of the movable mass. Here the thickness of the movable 
mass and that of the actuator ?ngers are identical by design. 
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This is desirable as the resulting expression for the equiva 
lent acceleration, obtained by substituting equations 1 and 3 
into 2, is insensitive to thickness variations: 

[0037] The equivalent acceleration has tWo desirable 
properties that make it suitable to be used for sensitivity 
calibration. First of all, it has a precise squared relationship 
With the actuation voltage VA, Which can be adjusted to 
generate the appropriate acceleration level for the particular 
accelerometer. In practice, VA may be designed to be a 
constant fraction, e.g., 50%, of the external supply voltage 
that can be controlled precisely. Secondly, the equivalent 
acceleration aE remains substantially unchanged over tem 
perature. This is because the temperature coefficients of 
thermal expansion of the dimension related terms, namely: 
L, A, d, and p, cancel each other in the expression for the 
equivalent acceleration. The remaining terms in the expres 
sion have negligible variations over temperature. As a result, 
it is found that the equivalent acceleration aE may change by 
less than 1%, for example, over a 100° C. temperature range, 
making it Well suited for the sensitivity calibration of an 
accelerometer over a Wide temperature range. 

[0038] The equivalent acceleration (XE, hoWever, suffers a 
signi?cant draWback in that it is very sensitive to manufac 
turing process variations. Due to the nature of micromachin 
ing, the actuator gap d, Which is typically 1.3 micrometers 
in siZe, can vary by as much as 10.2 micrometers from part 
to part. As a result of the d2 relationship in equation 4, the 
manufacturing variations in the equivalent acceleration can 
be as much as 130%. The same 10.2 micrometer variations 
also occur in the other tWo dimensional parameters L and A. 
HoWever, since these dimensions are hundreds of microme 
ters in siZe, L and A can be considered constants as the 
impact of their manufacturing variations on the equivalent 
acceleration otE is negligible. As a result of the extremely 
large manufacturing variations in the equivalent accelera 
tion, aE (mainly through variations in the actuator ?nger gap 
d), the primary use of the actuator has been limited to a 
self-test function, Which can only serve as an indication that 
the accelerometer is operational but is totally unsatisfactory 
for the accurate calibration of sensitivity. 

[0039] By including dimensional-control structures in the 
accelerometer design for at least the actuator and the springs, 
a dimensional relationship can be set up betWeen the actua 
tor ?nger gap and the Width of the spring suspensions for the 
movable mass. This is achieved by having a uniform gap 
With a knoWn relationship to that for the actuator ?ngers 
alongside the entire lengths of the springs in the accelerom 
eter layout. Manufacturing variations on the actuator ?nger 
gap Will noW be accompanied by opposite but highly cor 
related variations on the Width of the spring suspensions. 
FIG. 1 shoWs an exemplary accelerometer With such dimen 
sional control structures. 

[0040] The movable spring-mass resonant frequency fO is 
primarily a function of the Width of the spring suspensions. 
As a result of the dimensional control structures, the actuator 
?nger gap d and the resonant frequency can thus be forced 
to correlate With each other in the presence of manufacturing 
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variations. Consequently, both the actuator ?nger gap d and 
the capacitance fringing factor KF, Which is primarily a 
function of d, noW become functions of the resonant fre 
quency. As for the other terms in equation 4, p and so are 
material constants for the accelerometer manufacturing pro 
cess and do not vary signi?cantly. L and Acan be considered 
constants for the accelerometer manufacturing process as 
explained earlier due to their relatively large dimensions. As 
a result, equation 4 can then be further reduced to 

aE=G(fD)VA2 (5) 
Where all the constant and resonant frequency dependent 
terms in equation 4 have been incorporated into the function 
G(fo). The exact form of G(fo) can be determined by ?nite 
element analysis of the acceleration sensor structure or by 
empirical means. For example, in one particular design 

Where the units for G(fo) and f0 are gV'2 and HZ, respec 
tively, and g is the acceleration due to gravity, Which equals 
9.81 ms_2. With this method, the equivalent acceleration aE 
can be determined to an accuracy of better than 15% despite 
an initial 130% variations from part to part due to manu 
facturing variations. This is adequate for the sensitivity 
calibration for most applications. Also for any given part, the 
equivalent acceleration remains substantially unchanged 
over a Wide temperature range as explained earlier. 

[0041] As used herein including in the claims appended 
hereto, unless the context otherWise requires, the term 
“acceleration gain” shall mean the function G(f0) as used in 
equation 5 or its equivalent. 

[0042] A How diagram for the method of calibrating 200 
the sensitivity of the accelerometer 210 is presented in FIG. 
2. Once the resonant frequency is measured 220 by external 
electrical means as described above, the equivalent accel 
eration due to actuation can be determined from equations 5 
and 6. The accelerometer output change, AVO, due to this 
actuation is then measured 230, 240. Finally, the sensitivity 
of the accelerometer can be calculated 250, 260 as 

Avg (7) 
Sen : 

[0043] Note that only tWo measurements need to be made 
to determine the sensitivity of the accelerometer. The sen 
sitivity may be expressed as a general function F(f0, AVO) 
of the resonant frequency f0 and the actuation output change 
AVO as folloWs: 

Sen=F(fU AVG) (8) 
Where the exact form of F(f0, AVO) can be determined by 
?nite element analysis of the acceleration sensor structure or 
by empirical means, eg curve ?tting the measured sensi 
tivity With the measured resonant frequency and the mea 
sured actuation output. Thus, in another embodiment of the 
invention, the sensitivity of the accelerometer can be deter 
mined Without the intermediate evaluations of the accelera 
tion gain and the equivalent acceleration, as described 
above. 

[0044] Once the sensitivity of the accelerometer is deter 
mined, the electronic gain of the readout electronics may be 
adjusted if necessary in the form of EPROM programming, 
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laser trimming, or electrical fusing of circuit elements, to 
bring the accelerometer sensitivity to target. Thus, the sen 
sitivity of the accelerometer is calibrated by external elec 
trical excitations Without the use of a shaker, rotator, or any 
other external mechanical means of excitation. Further, this 
calibration can be performed over a Wide temperature range. 

[0045] After the sensitivity is calibrated, it is suf?ce to 
monitor the accelerometer output change AVO due to actua 
tion to detect any shift in sensitivity and to recalibrate if 
necessary. 

[0046] In other embodiments of the invention, a self 
calibrating accelerometer is provided. The accelerometer, as 
described above, includes logic and electronics to perform 
one of the methods described above and includes the dimen 
sional control structures to facilitate these steps. The accel 
erometer may be fabricated monolithically or the self 
calibration logic and electronics may be implemented in 
devices separate from the device that measures acceleration. 
All such arrangements are intended to be Within the scope of 
the invention as described in the appended claims. 

[0047] It should be noted that a How diagram is used 
herein to demonstrate various aspects of the invention, and 
should not be construed to limit the present invention to any 
particular logic ?oW or logic implementation. The described 
logic may be partitioned into different logic blocks (e.g., 
programs, modules, functions, or subroutines) Without 
changing the overall results or otherWise departing from the 
true scope of the invention. Oftentimes, logic elements may 
be added, modi?ed, omitted, performed in a different order, 
or implemented using different logic constructs (e.g., logic 
gates, looping primitives, conditional logic, and other logic 
constructs) Without changing the overall results or otherWise 
departing from the true scope of the invention. 

[0048] The present invention may be embodied in many 
different forms, including, but in no Way limited to, com 
puter program logic for use With a processor (e.g., a micro 
processor, microcontroller, digital signal processor, or gen 
eral purpose computer), programmable logic for use With a 
programmable logic device (e.g., a Field Programmable 
Gate Array (FPGA) or other PLD), discrete components, 
integrated circuitry (e.g., an Application Speci?c Integrated 
Circuit (ASIC)), or any other means including any combi 
nation thereof 

[0049] Computer program logic implementing all or part 
of the functionality previously described herein may be 
embodied in various forms, including, but in no Way limited 
to, a source code form, a computer executable form, and 
various intermediate forms (e.g., forms generated by an 
assembler, compiler, linker, or locator.) Source code may 
include a series of computer program instructions imple 
mented in any of various programming languages (e.g., an 
object code, an assembly language, or a high-level language 
such as Fortran, C, C++, JAVA, or HTML) for use With 
various operating systems or operating environments. The 
source code may de?ne and use various data structures and 
communication messages. The source code may be in a 
computer executable form (e.g., via an interpreter), or the 
source code may be converted (e.g., via a translator, assem 
bler, or compiler) into a computer executable form. 

[0050] The computer program may be ?xed in any form 
(e.g., source code form, computer executable form, or an 
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intermediate form) either permanently or transitorily in a 
tangible storage medium, such as a semiconductor memory 
device (e.g., a RAM, ROM, PROM, EEPROM, or Flash 
Programmable RAM), a magnetic memory device (e.g., a 
diskette or ?xed disk), an optical memory device (e.g., a 
CD-ROM), a PC card (e.g., PCMCIA card), or other 
memory device. The computer program may be ?xed in any 
form in a signal that is transmittable to a computer using any 
of various communication technologies, including, but in no 
Way limited to, analog technologies, digital technologies, 
optical technologies, Wireless technologies, netWorking 
technologies, and internetWorking technologies. The com 
puter program may be distributed in any form as a remov 
able storage medium With accompanying printed or elec 
tronic documentation (e.g., shrink Wrapped softWare or a 
magnetic tape), preloaded With a computer system (e.g., on 
system ROM or ?xed disk), or distributed from a server or 
electronic bulletin board over the communication system 
(e.g., the Internet or World Wide Web.) 

[0051] HardWare logic (including programmable logic for 
use With a programmable logic device) implementing all or 
part of the functionality previously described herein may be 
designed using traditional manual methods, or may be 
designed, captured, simulated, or documented electronically 
using various tools, such as Computer Aided Design (CAD), 
a hardWare description language (e.g., VHDL or AHDL), or 
a PLD programming language (e.g., PALASM, ABEL, or 
CUPL.) 
[0052] Other variations and modi?cations of the embodi 
ments described above are intended to be Within the scope 
of the present invention as de?ned in the appended claims. 

1. A method of calibrating an accelerometer comprising: 

a. providing the accelerometer comprising: 

i. a substrate; 

ii. a mass suspended over the substrate and movable 
relative to the substrate, the mass including a mov 
able electrode; 

iii. a ?rst ?xed electrode suspended over the substrate 
and not movable relative to the substrate; 

iv. a second ?xed electrode suspended over the sub 
strate and not movable relative to the substrate, the 
movable electrode and the ?rst and second ?xed 
electrode forming a differential capacitor; 

v. an excitation and readout circuit coupled to the 
movable electrode and to the ?xed electrodes to 
provide an ampli?ed signal; 

vi. an actuator, the actuator suspended over the sub 
strate, the actuator displacing the mass by electrical 
means When activated; and 

vii. a spring suspended over the substrate connected to 
the mass, the spring and the actuator laid out such 
that a dimensional relationship is established 
betWeen the actuator and the spring; 

b. measuring the resonant frequency of the mass; 

c. displacing the mass With the actuator; 

d. measuring the change in the ampli?ed signal; and 

e. calculating the sensitivity of the accelerometer. 
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2. A method according to claim 1 Wherein calculating the 
sensitivity of the accelerometer includes: 

i. calculating an acceleration equivalent to displacing the 
mass With the actuator Wherein calculating the accel 
eration includes calculating a function of the resonant 
frequency, the form of the function determined by the 
dimensional relationship betWeen the actuator and the 
spring. 

3. A method according to claim 2 Wherein calculating the 
sensitivity of the accelerometer further includes: 

ii. calculating the sensitivity by dividing the change in the 
ampli?ed signal by the acceleration. 

4. A method according to claim 1 Wherein the acceler 
ometer is calibrated Without mechanical excitation. 

5. A method according to claim 2 Wherein calculating an 
acceleration equivalent to displacing the mass With the 
actuator includes determining an acceleration gain. 

6. A method according to claim 5, Wherein the accelera 
tion gain is determined by ?nite element analysis. 

7. Amethod according to claim 5 Wherein the acceleration 
gain is determined empirically. 

8. A method according to claim 5 Wherein calculating an 
acceleration equivalent to displacing the mass With the 
actuator includes multiplying the acceleration gain by the 
square of a voltage applied to the actuator. 

9. Amethod according to claim 5 Wherein the acceleration 
gain is a quadratic function of the resonant frequency of the 
mass. 

10. A self-calibrating accelerometer comprising: 

a. a substrate; 

b. a mass suspended over the substrate and laterally 
movable relative to the substrate, the mass including a 
movable electrode; 

c. a ?rst ?xed electrode suspended over the substrate and 
not movable relative to the substrate; 

d. a second ?xed electrode suspended over the substrate 
and not movable relative to the substrate, the movable 
electrode and the ?rst and second ?xed electrode form 
ing a differential capacitor; 

e. an excitation and readout circuit coupled to the movable 
electrode and to the ?xed electrodes to provide an 
ampli?ed signal; 

f. an actuator, the actuator suspended over the substrate, 
the actuator displacing the mass by electrical means 
When activated; and 

g. a spring suspended over the substrate connected to the 
mass, the spring and the actuator laid out such that a 
dimensional relationship is established betWeen the 
actuator and the spring; 

h. logic for 

i. measuring the resonant frequency of the mass, 

ii. displacing the mass With the actuator, 

iii. measuring the change in the ampli?ed signal, and 

iv. calculating the sensitivity of the accelerometer. 
11. An accelerometer according to claim 10 Wherein 

calculating the sensitivity of the accelerometer includes: 
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(1) calculating an acceleration equivalent to displacing the 
mass With the actuator Wherein calculating the accel 
eration includes calculating a function of the resonant 
frequency, the form of the function determined by the 
dimensional relationship betWeen the actuator and the 
spring. 

12. An accelerorneter according to claim 11 Wherein 
calculating the sensitivity of the accelerometer further 
includes: 

(2) calculating the sensitivity by dividing the change in 
the arnpli?ed signal by the acceleration. 

13. An accelerorneter according to claim 11 Wherein the 
accelerometer is fabricated as a monolithic device. 

14. An accelerorneter according to claim 11 Wherein at 
least a portion of the logic is located in a device separate 
from the differential capacitor. 
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15. An accelerorneter according to claim 11 Wherein 
calculating an acceleration equivalent to displacing the mass 
With the actuator includes determining an acceleration gain. 

16. An accelerorneter according to claim 15, Wherein the 
acceleration gain is determined by ?nite element analysis. 

17. An accelerorneter according to claim 15, Wherein the 
acceleration gain is determined ernpirically. 

18. An accelerorneter according to claim 15, Wherein 
calculating an acceleration equivalent to displacing the mass 
With the actuator includes multiplying the acceleration gain 
by the square of a voltage applied to the actuator. 

19. An accelerorneter according to claim 15, Wherein the 
acceleration gain is a quadratic function of the resonant 
frequency of the mass. 


